[1] Previous studies have demonstrated that with the Medium Energy Neutral Atom instrument aboard the IMAGE spacecraft it is possible to remotely measure the ion temperature of the terrestrial magnetosphere during periods of strong geomagnetic activity. However, neutral atom imaging of the magnetosphere during quiet intervals is more difficult. In this work we show that by mapping neutral atom fluxes obtained over many days of observation to an equatorial plane fixed in geocentric solar magnetospheric coordinates, it is possible to construct neutral atom images of the quiet time magnetosphere. Enhanced neutral fluxes in the energy range of 1-70 keV/nucleon are observed in the quiet time premidnight region. A superposed-epoch analysis of multiple storm intervals also permits imaging of the ion temperature structure as a function of time through a geomagnetic storm. Using nearly 40 geomagnetic storms to produce average ion temperature maps as a function of storm phase, we find that there are significant differences between the spatial distribution of neutral fluxes and ion heating during the main phase of storms. Pronounced ion heating (up to 12 keV) is observed on the dayside during storm main phase from 5 to 8 Earth radii. During the early recovery phase, the ion temperature on the dayside drops to approximately 9 keV, and a colder region of approximately 6.5 keV persists near predawn. In the late recovery phase of the storm the ion temperature throughout the inner magnetosphere appears to relax to a nearly uniform 8 keV.
Introduction
[2] Perhaps the most dramatic example of the impact of global energetic neutral atom (ENA) imaging on our understanding of the inner magnetosphere is the determination of the location of the main phase ring current ion intensity maximum from inversion of IMAGE/HENA images (see Burch [2000] for a review of the IMAGE spacecraft and Mitchell et al. [2000] for a review of the High Energy Neutral Atom (HENA) instrument). C:son Brandt et al. [2002b] showed that the ion intensity peak was located around midnight and, in some cases, postmidnight. Their findings led to an examination of various ring current models and an improved understanding of the important roles played by the shielding electric currents, the strength of the convection driven by the Polar Cap Potential (PCP), the ionospheric conductance, and the plasma density in determining the location of the main phase ion intensity peak .
[3] Validation of inner magnetospheric plasma parameters determined from global ENA images has been accomplished through comparison with models and by direct comparison of ENA derived quantities with in situ measurements. For example, global HENA images have been used to derive pressure driven global electric currents that were then compared to magnetometer measurements from the Iridium satellites . Ion temperatures determined directly from Medium Energy Neutral Atom (MENA) images were found to be consistent with in situ ion temperature measurements [Scime et al., 2002] and equatorial ion temperatures obtained from inversions of the HENA data [Zhang et al., 2005] for the same region of space. The calculated ion temperatures were within 10% of locally measured ion temperatures in the equatorial plane and represented the first time remotely measured ion distribution measurements were successfully compared to locally measured values. In a later study, Vallat et al. [2004] employed linear inversions to HENA data and obtained ion distributions that were consistent with in situ Cluster Ion Spectrometry measurements when the Cluster spacecraft were in the HENA field of view. Inversions of ENA images that yielded equatorial ion pitch angle distributions during large geomagnetic storms have also been successfully compared to in situ measurements [Perez et al., 2001] .
[4] Although other studies have examined magnetospheric dynamics through time-resolved neutral atom images [C: son Brandt et al., 2002a; Perez et al., 2001; Pollock et al., 2001; McComas et al., 2002; Moore et al., 2001 ; C:son Brandt et al., 2003; Fok et al., 2003; Zhang et al., 2005] , it is important to note that all of those studies were limited to intervals with large negative values of Dst. It is only during periods of moderate to intense geomagnetic activity that the signal-to-noise of ENA images is sufficient to obtain high temporal resolution ENA images ($2-min resolution). It is also worth noting that neutral atom imaging from IMAGE has not been limited to the inner magnetosphere. McComas et al. [2002] demonstrated that during intense storms in September and October 2000, the distant plasma sheet, 10-30 R E downtail, could be detected in MENA images, and C:son Brandt et al. [2002c] showed that that HENA could image plasma sheet dynamics out to about 15 R E .
[5] In this work, we describe a method for ENA image superposition that enables the creation of average ion temperature images during geomagnetically quiet intervals and throughout the evolution of large geomagnetic storms. Because the injection of energetic plasma into the inner magnetosphere and the subsequent transport and heating of that plasma plays such an important role in the evolution of a geomagnetic storm, global images of the ENA population and ion temperature throughout a storm can provide direct information about magnetospheric convection and ion heating processes when compared to model predictions.
[6] Ring current models, such as the Fok et al. [1995] three-dimensional ring current decay model, include Coulomb collisions and charge exchange losses while bounce averaging the kinetic equation for the ion distribution function. In terms of ion transport in a large storm, the Fok et al. [1995] model predicted that during the recovery phase, ions would separate according to ion energy. Less energetic ions (below $3 keV) co-rotated eastward and were lost to charge exchange collisions in the dawn and prenoon sectors. High-energy (>30 keV) ions followed the gradient-curvature drift westward. The result was a peak of high-energy ions in the dusk sector, isolated from the lowenergy ions that peak on the dawnside. In terms of ion temperatures, higher ion temperatures would then be expected in the dusk region compared to the dawn region. Just such ion temperature asymmetries were observed in preliminary ENA derived ion temperature images for two storms in 2000 [Scime et al., 2002] . However, a later study using HENA data and analysis by ENA image inversion obtained similar ion temperature values in the dusk region but not in the midnight to dawn region [Zhang et al., 2005] . Thus considerable controversy concerning ion temperature asymmetry in the inner magnetosphere exists. The Jordanova et al. [1997] model of the ring current-atmosphere coupling includes wave-particle interactions, losses due to charge exchange collisions, Coulomb collisions, and plasma wave scattering along ion drift paths. The Jordanova et al. [1997] model also predicted a dawn-dusk asymmetry in ion flux, with increased ion flux in the dusk region becoming more pronounced with ion energy.
[7] However, newer models such as the Comprehensive Ring Current Model (CRCM) [Fok et al., 2003; that calculates the electric field selfconsistently by computing the electric potential when the ring current is allowed to close through a model of ionospheric conductance, suggest that predictions of enhanced densities of energetic ions near dusk depend strongly on the strength of the convective electric field in the inner magnetosphere. Therefore dawn-dusk ion temperature asymmetries could be an indicator of strong convective electric fields.
Instrumentation
[8] The IMAGE (Imager for Magnetopause to Auroral Global Exploration) spacecraft carried a full complement of magnetospheric imaging instruments. These included two ultraviolet imagers [Renotte et al., 1998; Sandel et al., 2000] , a radio plasma imager [Reinisch et al., 2000] , and three different energetic neutral atom (ENA) instruments. Each neutral atom imager was sensitive to a unique energy range. The High Energy Neutral Atom (HENA) instrument detects hydrogen ENAs in the $10 -200 keV range and oxygen ENAs in the $52 -300 keV range. The Medium Energy Neutral Atom (MENA) instrument is sensitive to 1 -70 keV ENAs, and the Low Energy Neutral Atom (LENA) imager detects 10-300 eV ENAs . Energetic ions in Earth's magnetosphere charge exchange with the extended neutral atmosphere to produce ENAs that are imaged by three different ENA cameras. The energy range of the MENA imager for neutral hydrogen, 1 -70 keV/nucleon, yields neutral atom images that include contributions from the ring current, plasma sheet, cusp, and their low-altitude extensions . Above a few keV, the ring current is typically the brightest structure in the image. The MENA measurement process involves permitting the passage of collimated neutral flux to a microchannel plate detector while blocking the intense ultraviolet radiation reflected by the geocorona [Gruntman, 1991; Scime et al., 1994; Balkey et al., 1998 ].
[9] The MENA imager is composed of three sensor heads, each of which functions as an independent wide slit camera ( Figure 1) . Each head provides a one-dimensional image of incident ENAs; the second imaging direction is obtained from the spacecraft spin. As neutral atoms transverse through the instrument, they enter through a charged particle deflecting collimator. The neutral atoms then pass through a UV blocking grating and the fraction that pass through the grating then transit a thin carbon foil. The passage of a neutral atom through the carbon foil usually liberates one or more secondary electrons. The electrons are then accelerated to the microchannel plate detector Start segment. When the atom arrives in the Stop segment of the detector, the incident angle and time-of-flight (TOF) are determined using the corresponding Start and Stop data. The trajectory and time-of-flight measurements are then combined to calculate the neutral atom speed [Pollock et al., 2000; Henderson et al., 2005] . The ENA species can, in principle, be determined from detector pulse heights, but such measurements are not routinely made. In this study, we assume that all of measured ENAs are hydrogen and calculate the energy accordingly.
[10] On-board the spacecraft, TOF, start and stop positions are processed into energy-resolved images and telemetered to the ground (called ''onboard data''), along with direct-event data (called ''statistics data'') that includes high-resolution TOF measurements for each valid detection event. The onboard data is processed using an approximate calibration algorithm and returns limited energy resolution images. Specifically, the onboard data is binned into only five energy levels. For energy spectra analyses, such as ion temperature measurements, the better energy resolution of the statistics data is preferable. However, the statistics data is limited by the number of events that can be reported per spacecraft spin, substantially reducing the total counts reported during periods of intense geomagnetic activity. Since the limitation is on the number of events counted per 8°of azimuthal spin, the azimuthal resolution of the statistics data is often limited to 8°during intervals of intense geomagnetic activity. A separate measure of the total number of events counted per spacecraft spin enables scaling of the statistics event rate data to the more complete onboard count rate data when event counting rate is reached for the statistics data.
[11] Note that the ion temperature imaging results reported by Scime et al. [2002] were obtained using the onboard data with the approximate calibration algorithm and limited energy resolution (five energy bins spread over 1 to 58 keV). Recently, Henderson et al. [2005] conducted a thorough analysis of the physical construction of the MENA instrument and demonstrated that by applying an effective geometric factor to the statistics data, dramatically improved head-to-head matching and exclusion of false events could be obtained. The effective geometric factor includes a calculation of the energy spectrum of each individual imaging pixel. The energy spectrum is then interpolated to obtain the differential energy flux at specific energies. The analysis reported here uses the differential energy flux statistics data processed with the improved calibration algorithm and sorted into six different neutral energy bins spread over 1 to 32.5 keV.
Neutral Atom Emission Analysis
[12] For ENA emission along a given line of sight (LOS), the contribution to the high-energy portion of the energy spectrum (energies much greater than the ion temperature) is dominated by emission from the hottest region along the line of sight [Scime and Hokin, 1992] . The high-energy portion of the ENA energy spectrum, F(E), generated via charge exchange collisions for a Maxwellian ion distribution of temperature T, is given by
where F(E) is in units of #/(cm 2 . s), C is a constant that accounts for the geometrical viewing properties of the instrument and the LOS integration over the hottest region (located at some point x along the line of sight). The hottest region is assumed to be of constant temperature and therefore the column integration of the neutral emission region yields a constant multiplicative factor. T(x), n o (x), and n i (x) are the ion temperature, neutral density, and ion density at the same location, respectively. s(E) is the energy-dependent charge exchange cross section between neutrals and ions of energy E [Freeman and Jones, 1974] and the integral over a(l) accounts for the reduction of neutral flux originating from the location of the hottest region owing to additional collisions or ionization as the neutrals travel from point x to the instrument located at point a [Hutchinson, 1987] . Outside of the plasmapause, the ion [Kivelson and Russell, 1995] and neutral densities [Rairden et al., 1986] are low enough that the magnetosphere is optically thin to energetic neutral atom emission. Thus
Using equation (2), the peak ion temperature along the line of sight is determined from fits to the MENA energy spectra. The effective location of the measurement is where the right-hand side of equation (2) is the largest for the range of energies measured. The absolute neutral and ion densities enter into equation (2) as constants and are not required for determination of the ion temperature. Since the energy spectrum decreases exponentially with energy, order of magnitude changes in the ion and neutral densities are overwhelmed by relatively modest differences in the ion temperature.
[13] Using statistics data, the differential (in energy) neutral flux was measured at six energies and corrected for the charge exchange cross section at each energy. A standard least squares linear fit was applied to equation (2) to determine the peak ion temperature along the line of sight. A corrected energy spectrum and the corresponding fit for a single pixel (LOS) a few R E away from the Earth is shown in Figure 2 . To ensure a statistically significant fit, we required that there be counts above background levels in at least five of the six bins. Although the MENA instrument is capable of measuring neutral energies of up to 70 keV/ nucleon, energies above 32.5 keV were excluded from the ion temperature calculations presented in this work. The much smaller fluxes at higher energy are prone to large statistical fluctuations and removal of background counts is problematic.
[14] Note that this analysis assumes the neutral atom fluxes are due to charge exchange between protons and neutral hydrogen. As noted previously, the energy bins of the MENA instrument are based solely on time-of-flight measurements, and thus the mass (and energy) of the neutral atoms is not known. During geomagnetic storms the energy density of oxygen ions in the inner magnetosphere can equal or even exceed the proton energy density [Daglis et al., 1999; Ohtani et al., 2006] . To understand the possible errors that could result from a mixture of neutral hydrogen and oxygen in the various MENA TOF bins, consider a plasma with an ion temperature of 8 keV consisting of equal amounts of proton and oxygen ions (that the two species are in thermodynamic equilibrium is a reasonable assumption given experimental observations and modeling results; see, for example, Guiter et al. [1995] ). A neutral atom velocity of 7.5 Â 10 5 m/s corresponds to a neutral hydrogen energy of approximately 3 keV (the lowest energy used in this study) and a neutral oxygen energy of approximately 47 keV. Thus 47 keV oxygen will appear in the 3 keV energy bin if the TOF measurements are converted into energies assuming a proton mass. For two equal density Maxwellian velocity distributions with a temperature of 8 keV, the ratio of 3 keV hydrogen flux to 47 keV oxygen flux (including the mass effects in the normalization of the distributions) is 61:1. In other words, over 98% of the events in the 3 keV energy bin will be from neutral hydrogen. Even if the source plasma is 90% oxygen, the 3 keV energy bin would still be over 80% hydrogen and the relative fraction of oxygen is completely ignorable for higher energy bins. Therefore oxygen neutrals misidentified as neutral hydrogen would, at most, slightly enhance the measured neutral fluxes in the lowest energy bins. Increased scattering in the foils for oxygen would also result in reduced angular resolution for oxygen neutrals in the lowenergy bins.
[15] In Figure 2 , such a deviation from a Maxwellian distribution at low ENA energies is shown. However, there are also other effects that can contribute to an enhancement of the low-energy neutral flux. An important effect is the contribution of nearby cooler plasma to the lower energy flux if there is a ion temperature gradient along the LOS. For example, a LOS intersecting the ring current/plasma sheet region from a vantage point above one of the poles will pass through cooler plasmas in the outer L shells, hotter plasmas as it passes through the core of the ring current (lower L shells), and then cooler plasmas again as the LOS exits the magnetosphere. If the ENAs are sampled at an energy E such that E > T hot and E ) T cold , then the measured ENA flux is dominated by the contributions of the hotter plasma. However, at energies such that E $ T hot and E > $T cold , then the measured ENA flux is dominated by contributions from the cooler and larger volume outer L shells. Similar ion temperature gradient effects are routinely observed in laboratory plasmas when charge exchange analyzers (single LOS ENA measurement devices) are used to measure majority species ion temperatures [Scime and Hokin, 1992] . Thus it is the highest-energy portion of the ENA energy spectrum that best represents the distant neutral hydrogen magnetospheric emission and deviations from a simple Maxwellian at the lowest energies are to be expected. The statistical uncertainty in the number of counts typically dominated the statistical error in ion temperature determinations such as that shown in Figure 2 .
[16] During magnetospherically quiet intervals (Dst magnitude <10), the neutral fluxes are so small that the statistical errors in the ion temperatures determined from a single, 2-min acquisition time, energy-resolved image are typically greater than the ion temperature. To improve the precision of the ion temperature measurements, either the individual temperature measurements or the raw neutral fluxes (followed by temperature analysis) can be averaged over time. We found that averaging the raw fluxes over one hour intervals was sufficient to obtain statistically significant ion temperature measurements for geomagnetically active intervals with Dst < À80 nT. The much larger statistical variations in ion temperatures calculated from single images makes averaging ion temperatures together problematic. Therefore all ion temperatures reported in this study were obtained from fits to neutral fluxes averaged over long observation intervals (many hours of observations).
[17] Because the IMAGE spacecraft is in a highly elliptical orbit (eccentricity of 0.957) and MENA image pixels are 4°Â 4°(or during 4°Â 8°during intense geomagnetic activity), averaging data over one hour can result in significant blurring of small-scale structures in the images. To reduce the effects of blurring in images averaged over one hour in a single orbit, the data presented in this work were Figure 2 . Natural logarithm of the corrected neutral atom flux versus neutral energy and a least squares fit to the data using equation (2) for a single imaging pixel (LOS).
restricted to intervals near apogee (7-9 Re). Even though the spacecraft moves through its orbit by a little more 1°/hr near apogee, the spacecraft motion (as illustrated in Figure 3 ) still produces detectable image blurring. Therefore, in addition to restricting the measurement intervals to near-apogee, an imaging summing algorithm was developed to correct for spacecraft motion in a single orbit and to permit the addition of images from different orbits throughout the entire mission.
Superposition of Neutral Atom Images
[18] Because intervals of intense geomagnetic activity are infrequent, summing neutral fluxes over one hour is insufficient to obtain images with acceptable signal to noise for ion temperature calculations for most of the mission. In addition, the precession of the line of apsides of the IMAGE orbit throughout the mission and the changing perspective of the spacecraft throughout the year prohibit simple summing of images over longer intervals from different orbits. In other words, the image pixels in the spacecraft frame correspond to different lines of sight through the magnetosphere and cannot be simply summed over time.
[19] To average images over intervals longer than one hour, we chose to project each line of sight to a 1 R E Â 1 R E fixed grid placed in the equatorial plane. The neutral fluxes measured along each line of sight were then binned according to which grid sector the line of sight intersected. To account for the different lengths of time that each grid sector in view, the total flux in each grid sector was then normalized by the number of times that particular grid sector was viewed by the MENA instrument. Similar mapping techniques have been used previously for ENA image data from the Polar spacecraft [Reeves and Henderson, 2001] . However, in this study, the data are mapped to the same fixed grid regardless of the season of the orbit or the location of the spacecraft; that is, the motion of the spacecraft and variations in the local time of apogee are accounted for by the grid mapping algorithm. Another difference between this projection algorithm and the processing of the Polar ENA data is that there was no need to use multiple views to improve the angular resolution of the image. The MENA imaging resolution is already sufficient to provide well resolved images in the equatorial plane. Since the apogee of the IMAGE orbit recently passed through the equatorial plane, it is important to note that this flux mapping algorithm cannot compensate for large-scale difference in viewing geometry; that is, images looking down from over the magnetic north pole and sideways from the equatorial [20] The image sequence shown in Figure 4 demonstrates the improvement in the signal-to-noise of neutral atom images obtained as our flux mapping algorithm is applied to larger and larger sets of images acquired during intervals of negligible geomagnetic activity (Dst $ 0 nT). A single 2-min integrated image is shown in Figure 4a . A 10-image average (20 min) is shown in Figure 4b and an 80-image average ($2.5 hours) is shown in Figure 4c . In the 80-image average, the neutral flux is clearly most intense in the center of the image (around the Earth) and discrete structures are visible. An averaged image based on 1028 individual images of higher-energy ENA fluxes, over 34 hours of data, is shown in Figure 4d . In all of the images in Figure 4 , the Sun is to the right, the Earth is in the center of the image, and the view is from above the magnetic north pole; that is, the image data is mapped according to magnetic local time (MLT). An imporant advantage to using a summed image for low-energy ENA fluxes is that if the images are obtained at different times throughout the year, the summed image mixes the high angular resolution fluxes obtained as a function of spacecraft spin (high angular resolution provided by the collimators) with the somewhat blurrier imaging plane fluxes. In other words, every three months of the year the two imaging directions rotate by 90°in our ''fixed'' image plane and therefore the overall angular resolution of the summed low-energy flux image is better than what would be naively expected owing to increased angular scattering in the foils for low-energy ENAs.
[21] Remarkably, a well-defined, quiet time ring current between 2 and 4 R E is visible in the 1028 image average. The ring current appears to be roughly 1 grid element in size (1 R E ) centered on 3 R E with a discrete, macroscopic feature in the premidnight sector. In situ measurements indicate that the quiet time ring current consists primarily of protons, is located between 2 and 5 R E , and has a peak ion flux between 50 and 100 keV [Daglis et al., 1999] . Because the ENA flux is mapped directly to the equator and not along magnetic field lines in this study, it is expected that our images will artificially shift ENA fluxes inward, toward the Earth, relative to their actual position in the equatorial plane. Thus the 2 to 4 R E range for the mapped structure shown in Figure 4d is consistent with the 2 to 5 R E range for the actual ring current location.
[22] This long-term average image of MENA data is the first ever global view of the quiet time inner magnetosphere. To the best of our knowledge, this is the first remote observation of a premidnight enhancement in the quiet time ring current. Vallat et al. [2005] reported a substantial premidnight enhancement in the quiet time ring current using the curlometer technique applied to in situ magnetic field data obtained from the four Cluster spacecraft. Because the images used in Figure 4d were obtained from intervals evenly distributed around the Earth's orbit around the Sun, there is little bias in the average image due to seasonal effects or viewing geometry. Therefore it appears that the premidnight enhancement in 27-60 keV ENA flux and the narrow ring current are robust, long-term features of the quiet time magnetosphere. The ring current structure is clearest in the 27-60 keV ENA emission. At lower energies, the region of enhanced ENA emission extends out to a few R E and there is no structure in MLT.
Superposed-Epoch Analysis of a Storm
[23] During a geomagnetic storm, material from the plasma sheet is driven into the near-Earth magnetosphere, enhancing the storm-time ring current. Since the majority of neutral atoms detected by the MENA instrument originated in the ring current, the Dst index, which essentially measures the strength of the ring current, is an appropriate index by which to quantify storm strength and phase as it relates to neutral atom emission. Ebihara et al. [1999] and others [see, e.g., Jorgensen et al., 1997] have shown that Dst is highly correlated to ENA emission for medium energy (1 to 30 keV) neutral atoms. To examine the evolution of the Figure 5 . Intense geomagnetic storm divided into prestorm, main, early recovery, and late recovery phases based on the Dst profile criteria used in this study. The horizontal lines in each storm phase indicate the average Dst value for that storm phase based on the storms used in this study.
inner magnetosphere through a storm, all the storms with minimum Dst of À50.0 nT or less from 1 January 2000 to 31 December 2002 were investigated. Thirty-nine storms with useful ENA data from IMAGE were found (see Table 1 ). On the basis of a typical Dst profile (see Figure 5) , the storms were divided into phases of prestorm, main phase, early recovery, and late recovery. The entire period from the peak to the minimum of the storm was defined as the main phase, from the minimum to 50% of the minimum was defined as early recovery, and the period from 50% minimum Dst to 10% of the minimum was defined as late recovery. Prestorm was defined as the quiet interval preceding the storm. In this initial study we did not employ highly restrictive criteria in our definition of the main phase of the storm; for example, we did not require a steady IMF B z < 0. Therefore the superposed images may include intervals of northward turning of the IMF. ENA data for all four phases were not obtained from every storm since, as noted previously, only intervals with good viewing geometry were used in this study. The average Dst values for each storm phase are listed in the last line of Table 1 and are also overlaid on Figure 5 .
[24] The average neutral atom fluxes for five ENA energies for the 39 storm main phase intervals are shown in Figure 6 in the same format as Figure 4 . The injection of plasma on the nightside of the inner magnetosphere is evident in the images at all energies. The corresponding ion temperature image obtained from fits of equation (2) to the energy spectrum in each pixel is shown in Figure 7b . Note the dramatic difference between the ion temperature image and the ENA flux images. The ENA flux images are sensitive to the large influx of high-density plasma on the nightside. However, the ion temperature image indicates that the injected ion flux, although large, is actually colder than the ring current plasma. The region of cooler plasma extends from local midnight to dawn and penetrates deeply into the inner magnetosphere. Because it occurs at the very edge of the image, it is possible that the small region of enhanced flux around 0900 MLT is an instrumental artifact. However, note that the intensity of the flux in that region decreases in a manner consistent with the rest of the flux in each energy resolved image. Therefore the 0900 MLT enhancement in Figure 6 is not due to a light leak or penetrating radiation. These images show the importance of either inversions of ENA flux images or energy spectral images (such as ion temperature images) in distinguishing between enhancements of plasma density and plasma heating during large geomagnetic storms. If ENA images at only a single energy are analyzed, spatially localized plasma cooling could easily be misinterpreted as a decrease in ion density, or vice versa.
[25] Close examination of the summed ENA fluxes shown in Figure 6 shows that during the main phase of the storm, the low-energy injection spans a large range of MLT on the nightside. At the higher energies, the peak ENA flux averaged over all the storms is within a few R E during the main phase, and peaks slightly postmidnight. Such a spatial distribution of energetic ions is inconsistent with the predictions of the early Fok et al. [1995] and Jordanova et al. [1997] models. The radial location of the peak in ENA flux at high energy ($20 keV) is consistent with the HENA main phase ENA images [Fok et al., 2005] , although those images showed that for an individual storm the peak in ENA flux was shifted nearly all the way to dawn in MLT. The average image shown here may be a superposition of pre and postmidnight peaks. Therefore Figure 6 may indicate a preference for postmidnight enhancement in the 39 storms used in this study. Given the strong dependence of the peak on the magnetospheric electric field strength, these storms appear to, on average, have strong convective electric fields that push the peak in high-energy ENA flux dawnward; consistent with the C:son Brandt et al. [2002b] conclusions based on HENA data.
[26] Ion temperature images for all four storm phases are shown in Figure 7 . Included at the lower left of each temperature image is a polar plot of white arrows. Each arrow corresponds to the spacecraft-Earth LOS projected into the equatorial plane for each time interval used to create the superposed image. The LOS projection shown in Figure 7b is the LOS projection for all of Figure 6 . A completely filled circle of white arrows would signify that the flux data used to create the ion temperature image were obtained from all possible values of the IMAGE-EarthSun angle, that is, throughout the orbit of the Earth around the Sun. Short arrows indicate a viewing geometry that almost straight down from over the North Pole. The observational bias legend provides a measure of the possible weighting of the images due to preferential viewing geometry. For example, the prestorm image of Figure 7a shows nearly uniform ion temperatures of approximately 9 keV throughout the inner magnetosphere with a slight ion temperature enhancement between noon and dusk. However, the observational bias legend shows that most of the ENA fluxes were obtained when the spacecraft was between noon and dusk in MLT. Therefore the very slight localized increase in ion temperatures in that region might solely be a result of an observational bias.
[27] In Figure 7b , the ion heating is largest on the dayside at a distance of 5 -6 R E . There is a significant and localized region of enhanced ion temperatures around 08 MLT that extends out to 8 -10 R E . Note that even though the LOS projection for Figure 7b indicates a preponderance of observations with the spacecraft on the dayside and the LOS projection for Figure 7c indicates a preponderance of observations with the spacecraft on the nightside, both images show essentially the same ion temperature structurea ring of enhanced ion temperatures extending from just after dawn to premidnight in MLT. In Figure 7c , the early recovery period, the plasma has cooled and the overall ion temperatures have decreased but the structure persists. An obvious next step will be to sort the storms by polarity of the leading edge of the north-south component of the interplanetary magnetic field to determine if the observed ion heating during storm main phase could be a signature of ion heating arising from dayside reconnection and/or compression of the magnetopause into the field of view of the MENA instrument.
[28] As a function of time during the storm, the average inner magnetosphere begins with a nearly 9 keV ion temperature. During the storm main phase, the sunward side of the magnetosphere heats up to roughly 10-11 keV and a region of cold ($6 keV) plasma extends from midnight to dawn at a radial distance of 1 -3 R E . In the early recovery period, the sunward side of the inner magnetosphere cools down to roughly 9 keV and the localized cooler region expands out to 5 -6 R E and is slightly predawn in MLT. During the late recovery phase, the cooler region has either filled in with warmer plasma or been heated up to roughly 8 keV. There is still a ring of warmer plasma (8 -9 keV) surrounding the Earth, but it has shifted outward to 8 -10 R E for all MLT.
Discussion and Conclusions
[29] In this work we have demonstrated that superposition of ENA flux images can provide sufficient signal to noise to image the quiet time magnetosphere in medium energy ENAs. The same image mapping algorithm could be used for other low statistics images from the IMAGE spacecraft, for example, HENA ENA images as well as optical images.
[30] In high-energy ENAs (27 -60 keV), the quiet time ring current is most intense premidnight and appears as a 1 R E wide band of ENA emission 2-4 R E out from Earth. A premidnight enhancement of the ring current is consistent with weak convective electric fields in the inner magnetosphere and some inversions of HENA ENA images. These results demonstrate that ENA images of the average quiet time ring current can provide remotely obtained information relevant to understanding the global electric field structure of the quiet time magnetosphere. The observed structure can immediately be used to validate numerical models capable of simulating the quiet time magnetosphere. Our analysis suggests that during storms, oxygen contamination in the low-energy channels of the MENA instrument could slightly enhance the measured flux at low energies and blur lowenergy ENA images. Since the HENA instrument can differentiate between oxygen and hydrogen ENAs, a future study could use HENA measurements during intervals of intense oxygen fluxes to more carefully investigate the effect of oxygen contamination on low-energy MENA measurements.
[31] Another significant result presented in this work is the dramatic difference between the spatial structure of the ENA emission and the ion temperature in the inner magnetosphere during a geomagnetic storm. Analysis of ENA images at a single energy will clearly emphasize the dynamics and structure of density enhancements, while energy resolved or energy spectra analysis is more likely to highlight microscopic phenomena such as wave-particle interactions and ion heating.
[32] A superposed-epoch analysis of 39 storms indicates that on average, a large enhancement of ENA emission appears across a wide range of MLT on the nightside during the main phase of the storms. At higher ENA energies, the enhancement is localized to a small region that is slightly postmidnight -again consistent with previous HENA observations and image inversions. It is worth noting again that the energy resolved images shown in Figures 6 and 7 are composite images obtained from multiple views of the magnetosphere from a wide range of viewing angles (relative to the Earth-Sun line). Therefore image blooming effects in the imaging direction due to scattering of lowenergy neutrals in the foils or other systematic effects that would be confined to a particular imaging direction (in the Figure 6 . L = 2 and L = 4 representative magnetic field lines are shown centered on the Earth for scale, and a 1 R E Â 1 R E grid is shown in Figure 7d for reference. instrument frame) are not responsible for the structures seen in the composite images.
[33] Ion temperature images indicate that the ENA enhancement arises from an influx of relatively cold plasma. Significant ion heating is observed on the dayside of the inner magnetosphere at 5 -6 R E out from the Earth at the same time. The increased ion temperatures could result from either magnetospheric compression or wave particle heating. Future studies will look for correlations between ion heating and indicators of dayside reconnection.
[34] Later in the storms, the average ion temperature decreases by a few keV and the region of cooler plasma between midnight and dawn either heats up or mixes with warmer plasma so that the entire inner magnetosphere returns to a nearly uniform temperature during the late recovery phase of the storms.
[35] The dusk to dawn asymmetry in ion temperature is generally consistent with the predictions of some theoretical models. Fok et al. [1995] , Fok and Moore [1997] , Jordanova et al. [1997] , and Ebihara and Ejiri [2000] predicted a duskdawn ion temperature asymmetry due to the grad-B drift of energetic ions toward the dusk region. Jordanova et al. [1997] also suggested that the wave-particle interactions could increase ion temperatures near dusk, and Ebihara and Ejiri [2000] noted that an increased distortion of the magnetic field in the dusk region can trap energetic particles, leading to dusk region ion temperature enhancement. These models share a common prediction for an increased presence of energetic ions in the dusk region -a prediction confirmed by the measurements reported here.
